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N-Methyl-D-aspartate receptors (NMDARs) mediate excitatory synaptic transmission in the brain.
Here we demonstrate interactions between the NR2A and NR2B subunits of NMDARs with ﬂotil-
lin-1 (ﬂot-1), a lipid raft-associated protein. When mapped, analogous regions in the far distal C-ter-
mini of NR2A and NR2B mediate binding to ﬂot-1, and the prohibitin homology domain of ﬂot-1
contains binding sites for NR2A and NR2B. Although NR2B can also directly bind to ﬂot-2 via a sep-
arate region of its distal C-terminus, NMDARs were signiﬁcantly more colocalized with ﬂot-1 than
ﬂot-2 in cultured hippocampal neurons. Overall, this study deﬁnes a novel interaction between
NMDARs and ﬂotillins.
Structured summary:
MINT-7013094: NR2A (uniprotkb:Q00959), NR2B (uniprotkb:Q00960) and Flot2 (uniprotkb:Q9Z2S9) colo-
calize (MI:0403) by ﬂuorescence microscopy (MI:0416)
MINT-7013147: Flot1 (uniprotkb:Q9Z1E1) physically interacts (MI:0218) with NR2A (uniprotkb:Q00959)
by anti bait coimmunoprecipitation (MI:0006)
MINT-7013189: Flot1 (uniprotkb:Q9Z1E1) physically interacts (MI:0218) with Flot2 (uniprotkb:Q9Z2S9)
by anti bait coimmunoprecipitation (MI:0006)
MINT-7013033: NR2A (uniprotkb:Q00959) physically interacts (MI:0218) with Flot1 (uniprotkb:Q9Z1E1)
by two hybrid (MI:0018)
MINT-7013178: NR1 (uniprotkb:P35439) physically interacts (MI:0218) with Flot2 (uniprotkb:Q9Z2S9) by
anti bait coimmunoprecipitation (MI:0006)
MINT-7013197, MINT-7013210: NR2B (uniprotkb:Q00960) and NR2A (uniprotkb:Q00959) physically
interact (MI:0218) with Flot2 (uniprotkb:Q9Z2S9) by anti bait coimmunoprecipitation (MI:0006)
MINT-7013002: NR2B (uniprotkb:Q00960) physically interacts (MI:0218) with Flot1 (uniprotkb:O08917)
by two hybrid (MI:0018)
MINT-7013117: Flot1 (uniprotkb:Q9Z1E1), NR2B (uniprotkb:Q00960) and NR2A (uniprotkb:Q00959) colo-
calize (MI:0403) by ﬂuorescence microscopy (MI:0416)
MINT-7013171: NR1 (uniprotkb:P35439) physically interacts (MI:0218) with Flot1 (uniprotkb:Q9Z1E1) by
anti bait coimmunoprecipitation (MI:0006)
MINT-7013017: NR2A (uniprotkb:Q00959) physically interacts (MI:0218) with Flot1 (uniprotkb:O08917)
by two hybrid (MI:0018)
MINT-7013054: NR2B (uniprotkb:Q00960) physically interacts (MI:0218) with Flot1 (uniprotkb:Q9Z1E1)
by two hybrid (MI:0018)
MINT-7013129: Flot1 (uniprotkb:Q9Z1E1) physically interacts (MI:0218) with NR2B (uniprotkb:Q00960)
by anti bait coimmunoprecipitation (MI:0006)
MINT-7013155: NR1 (uniprotkb:P35439) physically interacts (MI:0218) with NR2B (uniprotkb:Q00960) by
anti bait coimmunoprecipitation (MI:0006)
MINT-7013074: NR2B (uniprotkb:Q00960) physically interacts (MI:0218) with Flot2 (uniprotkb:Q9Z2S9)
by two hybrid (MI:0018)
MINT-7013162: NR1 (uniprotkb:P35439) physically interacts (MI:0218) with NR2A (uniprotkb:Q00959)
by anti bait coimmunoprecipitation (MI:0006)
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N-methyl-D-aspartate receptors (NMDARs) are ionotropic gluta-
mate receptors whose calcium permeability is critical for synaptic
plasticity. NMDAR dysfunction leads to numerous neurological dis-
eases or excitotoxic conditions such as stroke. NMDARs exist as
tetramers composed of two obligatory NR1 subunits and two
NR2 subunits, the majority of which are NR2A or NR2B in the fore-
brain [1,2]. During development, NR2B expression is reduced and
NR2A expression is upregulated so that NR2A becomes predomi-
nant at adult synapses [3].
We performed yeast two-hybrid screens to identify novel inter-
actors of NMDARs. One candidate isolated was ﬂotillin-1 (ﬂot-1), a
lipid raft-associated protein. Lipid rafts are sterol- and sphingo-
lipid-enriched membrane domains that compartmentalize cellular
processes [4] and act as signaling platforms for numerous mole-
cules [5,6]. Flotillin exists in two isoforms that display 47% identity
and 68% similarity in the mouse genome and form homomeric or
heteromeric tetramers [7] associated with the cytoplasmic side
of membranes [8]. They are used as lipid raft markers because of
their association with detergent-resistant membranes in biochem-
ical fractionation [9].
Whereas biochemical evidence suggests the presence of a sub-
population of NMDARs in lipid rafts [10–12], molecular links be-
tween NMDARs and lipid raft proteins are unknown. This study
deﬁnes an interaction between NMDARs and ﬂotillins.
2. Materials and methods
2.1. Neuronal culture
Experiments involving animals were performed according to
NIH guidelines. Hippocampi were dissected from embryonic day
18 Sprague–Dawley rats, dissociated in 0.25% trypsin and incu-
bated with 0.01% DNAse. Neurons were plated onto poly-lysine/
ﬁbronectin coated glass coverslips at 50000/well in a 6-well dish
with Neurobasal medium containing 2% fetal bovine serum and
2% B27. Serum was gradually removed after 3 days.
2.2. cDNA constructs
Constructs were created using Advantage-HF 2 PCR (BD Biosci-
ences Clontech) and Rapid DNA Ligation (Roche), or QuikChange
Site-DirectedMutagenesis Kit (Stratagene). FLDHS2was a generous
gift from Dr. Alan Saltiel (University of Michigan, Ann Arbor, MI).
2.3. Yeast two hybrid
Screening was performed using the Matchmaker Two-Hybrid
System 3 and an adult mouse brain cDNA library (Clontech). Por-
tions of NR2A or NR2B were cloned into pGBKT7 in-frame with
the DNA binding domain of GAL4. AH109 cells expressing GAL4-
NR2 were combined with Y187 cells expressing the adult mouse
brain cDNA library. The mating mixture was plated on CM glucose
broth plates deﬁcient in adenine, tryptophan, leucine, and histidine
(Teknova). Seven days after transformation, library plasmids from
colonies positive for His+LacZ+ were rescued and sequenced.
For mapping, ﬂot-1 constructs were subcloned into pGADT7
containing the GAL4 activation domain and constructs of NR2A
or NR2B were subcloned into pGBKT7 containing the GAL4 binding
domain. These constructs were co-transformed into yeast AH109,
plated on CM glucose plates containing histidine but lacking tryp-
tophan and leucine (Teknova), and transferred onto CM glucose
plates deﬁcient in adenine, tryptophan, leucine, and histidine, but
containing a-GAL (Teknova). Interaction was quantiﬁed using
Gal-Screen (Applied Biosystems).2.4. Antibodies
Primary antibodies included monoclonal ﬂot-1 (1:250 for WB,
1:50 for IC, BD Biosciences, San Jose, CA, #610820), monoclonal
ﬂot-2 (1:5000 for WB and IC, BD Biosciences, #610383), monoclo-
nal NR2A (1:1000 for WB, Barry Wolfe), monoclonal NR2B (1:200
for WB, BD Biosciences, #610417), and rabbit polyclonal NR1 (IP)
or NR2A/B (1:1000 for IC) generated in this laboratory. Secondary
antibodies included ECLTM anti-mouse IgG horseradish peroxidase
(1:5000) or protein A horseradish peroxidase (1:10000) (Amer-
sham Biosciences) for WB or Alexa 488 or 568 ﬂuorochromes
(Invitrogen – Molecular Probes) for IC.
2.5. Immunoprecipitation
P15 Sprague–Dawley rat hippocampi were homogenized
(Kinematica) in buffer composed of 50 mM Tris–HCl, 1 mM EDTA,
and protease inhibitor cocktail (Complete EDTA-free tablets,
Roche). Membranes were centrifuged at 100000g for 30 min at
4 C and then solubilized in homogenization buffer containing 1%
sodium deoxycholate (DOC) at 37 C for 45 min. The soluble frac-
tion was isolated by centrifugation 110000g for 30 min at 4 C.
Afterwards, the lysate was incubated with preimmune serum or
ﬂot-1, ﬂot-2, NR1, or NR2A/B antiserum (5 lg) and immobilized
on prewashed Protein A agarose beads (Pierce) for 4 h at 4 C. Pel-
lets were washed with 500 mM NaCl/0.1% Triton X-100/TBS, 0.1%
Triton-X-100/TBS, and TBS, boiled at 95 C for 5 min in 2 SDS
sample buffer and loaded onto 4–20% Tris–glycine gels (Invitro-
gen). Proteins were transferred to polyvinylidine diﬂuoride mem-
branes (Millipore), blocked with 5% milk, incubated with primary
and secondary antibodies, and detected with ECL Plus Western
Blotting Detection System (Amersham Biosciences) using Hyper-
ﬁlmTM (Amersham Biosciences).
2.6. Immunocytochemistry
To visualize ﬂot-1 or -2, neurons were ﬁxed with 4% para-
formaldehyde/4% sucrose for 15 min at room temperature (RT) fol-
lowed by methanol for 5 min at 20 C. Neurons were permeabilized
with 0.2% saponin for 10 min at RT and blocked with 10% normal
goat serum for 1 h at RT. Primary antibodies against ﬂot-1 or -2
were exposed to neurons overnight at 4 C; antibody for NR2A/B
was applied to neurons for 1 h at RT. Neurons were treated with
ﬂuorescent secondary antibodies for 45 min at RT and mounted
on slides using ProLong Gold Anti-fade reagent (Invitrogen).
2.7. Imaging and analysis
Images were captured with a 63 objective on a Zeiss LSM510
laser-scanning confocal microscope with a 2 OPTICAL zoom.
Colocalization was quantiﬁed using the Multi-Wave Cell Sorting
function in Metamorph software (Molecular Devices). Flot-1 and
-2 puncta were deﬁned as 2–9 pixels diameter (0.1–0.6 lm);
NR2A/B puncta were deﬁned as 3–19 pixels diameter (0.18–
1.2 lm). To be scored as colocalized, the minimum area of overlap
was set to the equivalent of 2 pixels. Final images were adjusted for
brightness and contrast.3. Results
3.1. Interaction of ﬂotillins with NMDARs
To identify novel binding partners of the NR2A subunit of the
NMDA receptor, we performed a yeast two-hybrid screen using
aa 1301–1464 of the distal NR2A C-terminus as bait (Fig. 1A).
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screen demonstrated that the distal C-terminus of NR2B, residues
1316–1482 (Fig. 1A), also binds to ﬂot-1. To conﬁrm these interac-
tions, we performed co-immunoprecipitation of postnatal day 15
(P15) detergent soluble extracts from rat hippocampus, a brain re-Fig. 1. Interaction of NMDAR subunits with ﬂot-1 and -2. (A) The distal C-termini of
NR2A or NR2B were used as bait in yeast two-hybrid screens that identiﬁed ﬂot-1 as
a novel interactor. (B–D) Using rat hippocampi from P15, the interaction of ﬂotillins
with NMDARs was conﬁrmed by co-immunoprecipitation. NR2A and NR2B were
present in immunoprecipitates of ﬂot-1, and ﬂot-1 was bound to immunoprecip-
itates of NR1 or NR2A/B. Lower amounts of co-immunoprecipitation were observed
between ﬂot-2 and these NR2 subunits in both directions. Flot-2 was also bound to
ﬂot-1. (E) Yeast two-hybrid analysis revealed that the NR2A distal C-terminus
interacts directly with only ﬂot-1, whereas the NR2B distal C-terminus interacts
directly with ﬂot-1 and -2 (***P < 0.001, **P < 0.01, ANOVA with Newman–Keuls
post-hoc test, n = 3).gion enriched in NMDARs (Fig. 1B–D). Both NR2A and NR2B were
present in immunoprecipitates of ﬂot-1 (Fig. 1B), and ﬂot-1 was
bound to NR1 and NR2A/B complexes (Fig. 1C). Flot-2 was also
bound to complexes of NR1 and NR2A/B (Fig. 1C), as well as to
ﬂot-1, an interaction previously established [7]. Likewise, NR2A
and NR2B were present in immunoprecipitates of ﬂot-2 (Fig. 1D),
although their percentages of co-immunoprecipitation with ﬂot-2
were considerably lower than with ﬂot-1. Using yeast two-hybrid
assays, we determined that, unlike ﬂot-1, ﬂot-2 directly interacts
only with the distal C-terminus of NR2B (Fig. 1E).
3.2. Mapping the interactions of ﬂotillins with NMDARs
We then mapped the interactions of ﬂot-1 and -2 with the distal
C-termini of NR2A and NR2B using yeast two-hybrid assays (Fig. 2).
The ﬂotillins are 428 aa proteins that contain a prohibitin homol-
ogy (PHB) domain and a ﬂotillin domain. For ﬂot-1, the PHB do-
main spans aa 1–154 and the ﬂotillin domain encompasses aa
190–363. For the interaction of ﬂot-1 with NR2A (Fig. 2A), we re-
stricted the binding site to aa 126–155 of the PHB domain. FLDHS2,
a construct lacking the second hydrophobic stretch (aa 134–151),
did not interact, demonstrating that the region of interaction is
contained within these residues. The PHB domain also interacted
with NR2B (Fig. 2B). However, FLDHS2 could bind to NR2B while
residues 126–155 could not, showing that the region of interaction
of ﬂot-1 with NR2B lies elsewhere in its PHB domain.
We then mapped the regions of the NR2A and NR2B distal C-
termini which interact with ﬂot-1 and -2 (Fig. 2C–E). The last half
of the NR2A distal C-terminus (aa 1383–1464) still interacted with
ﬂot-1 (Fig. 2C). However, the last 20 aa of NR2A (containing the
PDZ binding domain) did not, indicating that the region of interac-
tion lies within aa 1383–1444 of NR2A. An analogous region of
NR2B (aa 1401–1462) also interacted with ﬂot-1 (Fig. 2D). How-
ever, this region does not mediate the interaction of NR2B with
ﬂot-2 (Fig. 2E).
3.3. Subcellular colocalization of ﬂotillins and NMDARs
To examine native colocalization of NMDARs and ﬂotillins, we
co-immunolabeled ﬂot-1 or -2 with NR2A and NR2B in cultured
hippocampal neurons at 2 weeks in vitro (Fig. 3), using an antibody
that recognizes both NR2A and NR2B (NR2A/B). NR2A/B clusters
showed partial colocalization with both ﬂot-1 (Fig. 3A) and ﬂot-2
(Fig. 3B), which were both distributed as small, uniform puncta
throughout the neuron. However, more NR2A/B clusters seemed
to overlap with ﬂot-1 than with ﬂot-2. When quantiﬁed, 47.0 ±
1.8% of NR2A/B clusters were colocalized with ﬂot-1, signiﬁcantly
higher than the 42.3 ± 1.5% of NR2A/B clusters colocalized with
ﬂot-2 (Fig. 3C, P < 0.05, Student’s t-test, n = 26 neurons each).4. Discussion
Our study demonstrates that hippocampal NMDARs interact
with ﬂot-1 and -2, lipid raft-associated proteins. These interactions
are differential between NR2 subunits such that NR2B binds di-
rectly to both ﬂot-1 and -2, but NR2A only directly interacts with
ﬂot-1. NR2A and NR2B bind to ﬂot-1 via analogous regions in their
distal C-termini, whereas ﬂot-1 binds to NR2A and NR2B via dis-
tinct regions of its PHB domain. NR2B binds to ﬂot-2 via a separate
region of its distal C-terminus.
The interaction of NMDARs with ﬂot-1 seemed stronger than
with ﬂot-2. Native NMDARs displayed a signiﬁcant colocalization
preference for ﬂot-1 compared to ﬂot-2. In addition, the percentage
of NR2A or NR2B bound to immunoprecipitates of ﬂot-2 compared
to total lysate was lower than that of ﬂot-1. Moreover, quantiﬁca-
Fig. 2. Mapping of NMDAR-ﬂotillin interactions. Flot-1 and -2 constructs were tested for their interaction with the distal C-terminus of NR2A or NR2B using vectors pGADT7
or pGBKT7 as controls. (A) The region of ﬂot-1 which interacts with NR2A is contained within the second hydrophobic stretch (aa 134–151) of the PHB domain. (B) The region
of ﬂot-1 which interacts with NR2B is contained within the PHB domain of ﬂot-1 but not within residues 126–155. (C) The region of NR2A that interacts with ﬂot-1 is
contained within residues 1383–1444. (D) NR2B interacts with ﬂot-1 via a region analogous to that of NR2A. (E) The region of NR2B that interacts with ﬂot-1 does not also
interact with ﬂot-2. Degree of interaction was measured using luminosity from a b-Gal reporter assay (+++P < 0.001, ++P < 0.01, +P < 0.05, ANOVA with Newman–Keuls post-hoc
test, n = 3). PHB, prohibitin homology domain, Flot, ﬂotillin domain.
Fig. 3. NR2A- and NR2B- containing NMDARs preferentially colocalize with ﬂot-1. Double-label immunocytochemistry of ﬂotillins with an antibody recognizing both NR2A
and NR2B (NR2A/B) was performed in cultured hippocampal neurons at 2 weeks in vitro. (A) Numerous NR2A/B clusters (red) and ﬂot-1 puncta (green) were colocalized
(yellow). (B) Several NR2A/B clusters (red) also overlapped with ﬂot-2 (green), but the amount of colocalization (yellow) appeared less than with ﬂot-1. (C) When quantiﬁed,
the percentage of NR2A/B clusters colocalized with ﬂot-1 was greater than with ﬂot-2 (*P < 0.05, Student’s t-test, n = 26 neurons each). Scale bars = 10 lm. Insets are
representative examples of neurites and are illustrated as magniﬁed images below. Arrows show examples of colocalization.
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action was muchmore stringent than that of ﬂot-2/NR2B. Although
ﬂot-1 and ﬂot-2 can bind to each other as heteromers [7], native
hippocampal ﬂot-2 may not be present with the ﬂot-1/NMDAR
complex if the majority of ﬂot-2 in this brain region forms homo-
mers. The roles of ﬂotillins remain unclear, but our results suggest
differences in their likelihood to inﬂuence NMDAR function.It is important to note that the scope of this study was limited
to exploring direct interaction between ﬂotillins and NR2 subunits
in the hippocampus. As an obligatory subunit of NMDARs, NR1 was
also bound to ﬂot/NMDAR complexes, although a direct interaction
between the ﬂotillins and NR1 cannot be ruled out.
One potential role of the ﬂotillins may be to recruit NMDARs
into lipid rafts where they can initiate second messenger signaling
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from NMDAR-induced excitotoxicity [11]. Only one-third of
NMDAR clusters were colocalized with ﬂotillins in cultured hippo-
campal neurons. However, the level of interaction between
NMDARs and ﬂotillins may be dynamically enhanced under certain
conditions, such as high amounts of glutamate due to increased
neuronal activity. In support, some proteins like the TrkB receptor
are recruited to lipid rafts upon stimulation, where they become
activated [13]. The fraction of ﬂotillins present in NMDAR immu-
noprecipitates was also relatively small, but it is important to note
that DOC only solubilizes one-third of brain tissue, despite it being
the most effective detergent for NMDAR solubilization [14].
Another role of ﬂot-1 may be to promote NMDAR internaliza-
tion. Flot-1 is a marker of a clathrin-independent endocytic path-
way [15]. Although NMDARs can be endocytosed via clathrin-
dependent pathways, clathrin-deﬁned endocytic zones are present
in only 85–90% of synapses [16], suggesting that ﬂot-1 may play a
more prominent role in NMDAR endocytosis at the remaining syn-
apses. This may explain the relatively small interaction between
NMDARs and ﬂot-1 observed under basal conditions. Alternatively,
the ﬂot-1 endocytic pathway may be recruited for NMDAR inter-
nalization after high neuronal stimulation. Future studies should
explore the role of ﬂot-1 in NMDAR function, including under stim-
ulated conditions.
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